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Description 

The present invention relates to a ferroelectric thin film, a substrate provided with a ferroelectric thin film, a device 
having a capacitor structure and a method for manufacturing a ferroelectric thin film. More particularly, the present 
5 invention relates to a ferroelectric thin film, a substrate provided with a ferroelectric thin film and a device having a 
capacitor structure used for a ferroelectric memory device, a pyroelectric sensor device, a piezoelectric device or the 
like, and a method for manufacturing a ferroelectric thin film. 

Ferroelectrics have been widely used for the development of devices such as a condenser, an oscillator, an optical 
modulator and an infrared light sensor since ferroelectrics have numerous functions such as spontaneous polarization, 

10 high dielectric constant, electro-optical effect, piezoelectric effect and pyroelectric effect. 

In accordance with the development of technique for forming a thin film, the application field of the ferroelectric 
thin film is becoming wider. For example, reduction of capacitor area for high integration of devices and improvement 
of reliability has been being developed by applying the high ferroelectric characteristics to various kinds of semicon- 
ductor devices such as a DRAM. Also, development of ferroelectric non-volatile memories (FRAM) having high density 
and high operation speed has been recently taking place by combination with semiconductor memory devices such 
as a DRAM. Ferroelectric non-volatile memories eliminate the need for back-up power supply by utilizing the ferroe- 
lectric properties (hysteresis effect) of the ferroelectrics. For the development of such devices, it is necessary to use 
a material having characteristics such as large remanent spontaneous polarization (Pr), small coercive field (Ec), small 
leakage currents and large resistance to repetition of polarization inversion. Further, it is desired to realize the above 

20 properties with a thin film having a thickness of 200nm or below so as to reduce the operation voltage and to conform 
to fine processing of semiconductors. 

For the purpose of applying thin films to FRAM or the like, forming of thin films with ferroelectric lead (Pb) oxide 
compounds such as PbTi0 3 , Pb(Zr 1 . x Ti x )0 3 (PZT), PLZT is now being tried by employing methods for forming a thin 
film such as sputtering, vapor deposition, sol-gel method and MOCVD method. 

25 Among the above-described ferroelectric materials, Pb(Zr 1 . x Ti x )0 3 (PZT) is the one that has been intensively stud- 

ied recently, and a thin film having a good ferroelectric property has been obtained by sputtering method or sol-gel 
method. For example, a thin film having a remanent spontaneous polarization Pr as large as IQu-C/cm 2 to 26\iC/cm 2 
has been obtained. However, there is a problem that leakage currents occur and resistance to polarization inversion 
decrease as the. thickness of the film is reduced (thinning of the film). This is due to the fact that the ferroelectric property 

30 of PZT, which depends largely on the composition x, is liable to change because PZT contains Pb having a high vapor 
pressure and, therefore, the film composition is liable to change at the time of forming or heat-treatment of the film, 
and also due to generation of pinholes and generation of layers having a low dielectric constant owing to the reaction 
of the underlying layer and Pb. Accordingly, the development of other materials excellent in ferroelectric property and 
resistance to polarization inversion is desired. Also, in view of the application to integrated devices, high density of the 

35 thin film is required for fine processing of the devices. 

As other oxide ferroelectrics, there is known a group of bismuth oxide ferroelectrics having a layered crystal struc- 
ture such as shown by the following general formula. 

40 Bi 2 A m-1 B m°3ffl+3' 

wherein A is selected from Na 1 +, K 1+ , Pb 2 + Ca 2 + Sr 2+ , Ba 2+ and Bi 3 *; and B is selected from Fe 3 *, Ti 4 * Nb 5 *, Ta 5 *, 
W 6 * and Mo 6 *; and m is a positive integer. The basic crystal structure of the ferroelectrics represented by the above 
general formula is such that a layered perovskite layer consisting of a series of perovskite lattices made of (m-1) ABO a 

4S is interposed between (Bi 2 0 2 ) 2+ layers. Numerous materials in which A is selected from Sr, Ba and Bi, and B is selected 
from Ti, Ta and Nb show ferroelectric properties. 

Among the ferroelectrics represented by the above general formula, B^TigO^ (bismuth titanate) is a ferroelectric 
having a layered perovskite structure (rhombic crystal/ lattice constants: a = 5.411 A, c = 32.83A) with strong anisotropy. 
The ferroelectric property of its single crystal is such that, along the a-axis, the remanent spontaneous polarization is 

so p r = 50u.C/cm 2 and the coercive field is Ec = 50 kV/cm; and, along the c-axis, the remanent spontaneous polarization 
is Pr = 4nC/cm 2 and the coercive field is Ec = 4 kV/cm. As shown above, Bi 4 Ti 3 0 12 has the strongest a-axis component 
of spontaneous polarization and has a very small c-axis component of the coercive field when compared with the above 
other bismuth oxide ferroelectrics. 

It will be possible to apply this ferroelectric to electronic devices such as ferroelectric non-volatile memories if the 

55 orientation of thin films can be controlled for utilizing the properties of large spontaneous polarization and small coercive 
field which Bi 4 Ti 3 0 12 has. However, the cases that have been reported so far utilize only the c-axis orientation along 
which the spontaneous polarization is small or the random orientation, so that the large spontaneous polarization along 
the a-axis has not been utilized to the full extent yet. 
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On the other hand, formation of a thin film with Bi 4 Ti 3 0 12 has so far been tried by MOCVD method or sol-gel 
method. Among these, the conventional sol-gel method of forming a ferroelectric thin film need thermal treatment 
processing of 650°C or more for obtaining a good ferroelectric property and, further, it has been difficult to apply the 
thin film to highly integrated devices which need fine processing because the film surface morphology consists of crystal 

5 particles of about O.Sujti. Moreover, since the Bi 4 Ti 3 0 12 thin film of the c-axis orientation is formed on a Pt electrode 
Iayer/Si0 2 insulation film/Si substrate or on a Pt substrate with the substrate temperature being 600°C or more, the 
formation of ferroelectric thin films by MOCVD method cannot be directly applied to actual device structures. Namely, 
as in the case of Pt/SiO^Si substrate, a bonding layer such as a Ti film must be formed between the Pt electrode layer 
and the underlying Si0 2 film in order to ensure the bonding strength between the Pt electrode layer and the SiO^ film. 

10 However, it has been reported that, if a Bi 4 Ti 3 0 12 thin film is formed by MOCVD method on the Pt electrode substrate 
having the bonding layer, the film surface morphology consists of gross crystal particles and pyrochlore phase (Bi 2 Ti 2 0 7 ) 
is prone to be generated (See Jpn, J. Appl. Phys., 32, 1993, pp. 4086, and J. Ceramic Soc. Japan, 102, 1994, pp. 
51 2). If the film surface morphology consists of gross crystal particles, the thin film cannot be applied to highly integrated 
devices which needs fine processing and, moreover, pinholes are generated by thin films, causing leakage currents. 

is Accordingly, it is difficult to form a ferroelectric thin film having a good ferroelectric property with a thickness of 200nm 
or less by such a conventional technique. 

As described above, the conventional technique involves problems that the large spontaneous polarization of 
B\ 4 T\ 3 0, 2 along the a-axis has not been utilized to the full extent and that the density and the flatness of the film surface 
that are needed for fine processing and reducing leakage currents in view of applying the ferroelectric thin film to highly 

2° integrated devices have not been obtained. 

The present invention provides a ferroelectric thin film comprising a ferroelectric crystal containing Bi, 7i and O as 
constituent elements, wherein the composition ratio of Bi/Ti in the ferroelectric thin film is shifted from a stoichiometric 
composition. 

The present invention also provides a substrate provided with a ferroelectric thin film; comprising a semiconductor 
25 substrate; a buffer layer formed on the semiconductor substrate and comprising titanium oxide; and a ferroelectric thin 
film of the above. 

Further, the present invention provides a device having a capacitor structure, comprising at least one pair of elec- 
trodes and a ferroelectric thin film of the above being interposed between the pair of electrodes. 

The present invention also provides a device having a capacitor structure, comprising the substrate provided with 
30 a ferroelectric thin film of the above, wherein the capacitor structure is such that a lower electrode is disposed between 
the substrate and the buffer layer and an upper layer is disposed on the ferroelectric thin film. 

Also, the present invention provides a method for manufacturing a ferroelectric thin film comprising a ferroelectric 
crystal containing Bi, Ti and O as constituent elements, wherein an orientation of the ferroelectric crystal in the ferro- 
electric thin film is controlled by varying the composition ratio of Bi/Ti in the ferroelectric thin film so that the composition 
35 ratio is shifted from a stoichiometric composition. 

Fig. 1 is a schematic cross-sectional view showing a structure of the substrate provided with a ferroelectric thin 
film according to the first embodiment of the present invention. 

Fig. 2 is a view showing a relationship between the amount of Bi source gas flow rate (Bi flow rate) and the com- 
position ratio of Bi/Ti in the ferroelectric thin film in forming the ferroelectric Bi 4 Ti 3 0 12 thin film on the substrate according 
40 to the first embodiment of the present invention. 

Fig. 3 is a view showing a result of observation by X-ray diffraction of the ferroelectric Bi 4 Ti 3 0 12 thin film according 
to the first embodiment of the present invention. 

Fig. 4 is a view showing a relationship between the X-ray diffraction peak intensity ratio and the Bi/Ti composition 
ratio on the basis of the result of observation by X-ray diffraction of Fig. 3 in the ferroelectric Bi 4 Ti 3 0 12 thin film according 
45 to the first embodiment of the present invention. 

Fig. 5 is a schematic cross-sectional view showing a structure of the device having a capacitor structure according 
to the second embodiment of the present invention. 

Fig. 6 is a view showing a ferroelectric hysteresis curve of the device having the capacitor structure according to 
the second embodiment of the present invention. 
50 Fig. 7 is a view showing how the leakage current density depends on the applied voltage in the device having the 

capacitor structure according to the second embodiment of the present invention. 

Fig. 8 is a view showing a ferroelectric hysteresis curve of the device having the capacitor structure according to 
the third embodiment of the present invention. 

Fig. 9 is a view showing how the leakage current density depends on the applied voltage in the device having the 
55 capacitor structure according to the third embodiment of the present invention. 

Fig. 1 0 is a microscopic view showing a result of observation by SEM of the substrate provided with the ferroelectric 
thin film (with the Bi/Ti composition ratio being 1.0 in the ferroelectric Bi^O^ thin film) according to the fourth em- 
bodiment of the present invention. 
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Fig. 1 1 is a microscopic view showing a result of observation by SEM of the substrate provided with the ferroelectric 
thin film (with the Bi/Ti composition ratio being 1.47 in the ferroelectric B^T^O-^ thin film) according to the fourth 
embodiment of the present invention. 

Fig. 12 is a microscopic view showing a result of observation by SEM of the Bi^O^ thin film of the Comparison 
Example. 

Fig. 1 3 is a microscopic view showing a result of observation by SEM of a surface of the Bi 4 Ti 3 0 1 2 thin film of the 
Comparison Example. 

Fig. 14 is a view showing a result of observation by X-ray diffraction of the Bi^O^ thin film of the Comparison 
Example. 

Fig. 15 is a view showing how the remanent spontaneous polarization Pr depends on the Bi/Ti composition ratio 
in the device having a capacitor structure according to the fifth embodiment of the present invention. 

Fig. 16 is a view showing how the coercive field Ec depends on the Bi/Ti composition ratio in the device having a 
capacitor structure according to the fifth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In the present invention, a ferroelectric thin film is generally formed on a semiconductor substrate. As the semi- 
conductor substrate, a single crystal silicon substrate, a polycrystalline silicon substrate, a GaAs substrate or the like 
may be used as well. 

The ferroelectric thin film of the invention contains Bi, Ti and O as constituent elements, the composition ratio of 
Bi/Ti in the ferroelectric thin film being shifted from a stoichiometric composition (Bi4Ti 3 0 12 :4/3). As the ferroelectric 
thin film, the present invention is not specifically limited thereto, and it is to be understood that a ferroelectric thin film 
comprising a ferroelectric bismuth oxide crystal having a layered perovskite structure and including Bi, Ti and O as 
constituent elements in a similar manner, the composition ratio of Bi/Ti in the ferroelectric thin film being shifted from 
a stoichiometric composition may be also effective. Such ferroelectric bismuth oxide crystal may be Bi 2 A m0 B m 0 3m+3 
(A, B, m are the same meaning as the above). For example, SrBi 4 Ti 4 0 15 , BaBi 4 Ti 4 0 15 , PbBi 4 Ti 4 0 15 , Nao 5 Bi 4 5 Ti 4 0 15 , 
K 0 5 Bi 4 6 Ti 4 O 15 , Sr 2 Bi 4 Ti 5 0 18 , Ba 2 Bi 4 Ti 6 0 18t and PbBi 4 Ti 5 0 18 . 

The ferroelectric thin film of the invention may be formed by the MOCVD method. The ferroelectric thin film is 
formed by supplying triorthotolylbilyl bismuth (Bi(o-OC 7 H 7 ) 3 ), BiH 3 , BiCI 3 , BiBr 3 , Bil 3 , Bi(CH 3 ) 3 , Bi(C 2 H 5 ) 3 , Bi(n-C 3 H 7 ) 3 , 
Bi(n-C 4 H 9 ) 3 , Bi(i-C 4 H 9 ) 3 , Bi(n-C 5 H 11 ) 3l Bi(C 6 H 5 ) 3 , Bi(2-CH 3 C 6 H 4 ) 3 , Bi(4-CH 3 C 6 H 4 ) 3 , Bi(OCH 2 CH 2 N(CH 3 ) 2 ) 3 , Bi 
(OCHCH 3 CH 2 N(CH 3 ) 2 ) 3 , Bi(OC(CH 3 ) 2 CH 2 CH 3 ) 3 , among them Bi(o-OC 7 H 7 ) 3 is preferable, as a Bi source material and 
titanium isopropoxide (T1(i-OC 3 H 7 ) 4 ), TiCU, Ti(C 5 H 5 )CI 2 , Ti(OCH 3 ) 4 , Ti(OC 2 H 5 ) 4 , Ti(0-n-C 3 H 7 ) 4 , Ti(0-n-C 4 H 9 ) 4 , Ti(0- 
t-C 4 H 9 ) 4> TifO-n-CgH^^, TiOCH((CH 3 ) 2 CCO) 2 , TiCI 2 CH((CH 3 ) 2 CCO) 2 , among them Ti(i-OCH 3 H 7 ) 4 is preferable, as 
a Ti source material, the source materials being gasified by heating. 

Those source materials is gasified by heating in the range of 1 00 to 200°C or 30 to 80°C, respectively and supplied 
with an inactive gas such as argon (Ar) constituting a carrier gas and with a gas containing such as oxygen (0 2 ) 
gas constituting a reaction gas into the film forming chamber. The flow rate at the time of supplying the Bi source gas 
is varied within the range from 100 to 500sccm, and the TI source gas is varied within the range from 10 to 100sccm. 
The flow rate at the time of supplying the gas containing 0 2 gas is varied within the range from 700 to 1 200sccm. The 
degree of vacuum in the film forming chamber is preferably set to be 10 Torr or below. The temperature (substrate 
temperature) at the time of forming the ferroelectric thin film by MOCVD is preferably set to be 400°C, but the temper- 
ature is not specifically limited thereto. However, in view of applying the ferroelectric thin film to highly integrated devices, 
the temperature is preferably less than 600°C. Further, for maintaining good crystallinity of the thin film, the temperature 
is preferably more than 350°C. If the ferroelectric thin film is formed by supplying the source gas at a constant rate, 
the ferroelectric thin film will have the same composition and the same property with respect to the thickness direction. 
However, if the ferroelectric thin film is formed by supplying the source gas at continuously or stepwise varying rate, 
the ferroelectric thin film will have varying composition with respect to the thickness direction. The thickness of the 
ferroelectric thin film is not specifically limited, but is preferably within the range of, for example, about 50 to 200 nm. 

Here, bismuth oxide was generated in the ferroelectric thin film if the Bi source gas was supplied at a further excess 
flow rate at the time of forming the crystal nucleus layer and the ferroelectric thin film so as to obtain a ferroelectric 
thin film having the Bi/Ti composition ratio larger than 1 .5. Namely, bismuth oxide was confirmed to be generated in 
the ferroelectric thin film having the Bi/Ti composition ratio larger than 1 .5. This shows that the substrate provided with 
the ferroelectric thin film comprising bismuth titanate thin film should preferably have a Bi/Ti composition ratio of less 
than 1.5. Here, the Bi/Ti composition ratio should preferably be more than 0.7. 

In the substrate provided with the ferroelectric thin film on the invention, a buffer layer is disposed between the 
semiconductor substrate and the ferroelectric thin film. The buffer layer is not specifically limited and may preferably 
be formed of, for example, titanium oxide. The titanium oxide buffer layer may be formed by the MOCVD method with 
the same material as the above TI source material and 0 2 gas. The flow rate at the time of supplying the TI source gas 
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is varied within the range from 10 to 100sccm. The flow rate at the time of supplying the gas is varied within the 
range from 700 to 1200sccm. The degree of vacuum in the film forming chamber is preferably set to be 10 Torr or 
below The temperature (substrate temperature) at the time of forming the buffer layer is preferably set to be in the 
range of 350 to 600°C. The thickness of the buffer layer may be within the range from 1 nm to 10nm for performing its 
function. 

The buffer layer may be formed directly on the semiconductor substrate. However, an insulating layer, a bonding 
layer and an electrode layer may, for example, be optionally formed between the semiconductor substrate and the 
buffer layer. The materials to be used and the thickness of the layers to be formed are not specifically limited. As the 
insulating layer, it is possible to use a Si0 2 film, a silicon nitride film or the like formed by sputtering method, vacuum 
vapor deposition, MOCVD method or the like. The material and the thickness may be arbitrarily chosen as long as the 
film can provide sufficient insulation. The bonding layer serves to prevent exfoliation (peeling off) of the film due to the 
difference in thermal expansivity between the substrate and the electrode layer in forming the film. Accordingly, the 
thickness of the bonding layer may be such that the bonding layer can prevent the exfoliation of the film. The material 
for the bonding layer may be titanium (71) or the like instead of Ta. However, when a Pt layer is used as the electrode 
layer, it is preferable to use Ta in view of its bonding property with the electrode layer to be formed thereon and the 
thermal expansion coefficient. The electrode layer is not limited and may be an ordinary electrically conductive material 
used for an electrode and can be suitably selected in relation to the other films. The thickness of the electrode layer 
may be such that the lower electrode can function as an electrode. The electrode layer may be formed by sputtering 
method, vacuum vapor deposition, MOCVD method or the like. 

The crystal nucleus layer may be disposed between the above buffer layer and the ferroelectric thin film. Since 
the crystal nucleus layer serves, as a growth nucleus in the ferroelectric thin film, to allow its crystallinity to be suc- 
ceeded, the material for the crystal nucleus layer preferably should have a crystal structure (layered perovskite struc- 
ture) similar to, more preferably identical to, the one in the ferroelectric thin film to be formed thereon. It was confirmed 
that the thickness of the crystal nucleus layer may be within the range from 5nm to 10nm for performing its function. 
If the crystal nucleus layer is to be formed by MOCVD method, the temperature for forming the layer should preferably 
be within the range from 450°C to 650°C. This is due to the fact that the temperature of more than 450°C is preferable 
in order for the crystal nucleus layer to be a growth nucleus for forming the ferroelectric thin film and that the temperature 
of less than 650°C would cause no particular problems in applying the ferroelectric thin film to highly integrated devices 
because the crystal nucleus layer can be formed in a very short time compared with the ferroelectric thin film itself. 

The above substrate provided with the ferroelectric thin film, having the insulating layer, bonding layer, electrode 
layer and buffer layer, is used as a device having a capacitor structure, and also as a device having a capacitor structure 
which has further an upper electrode. In this case, the thickness of the upper electrode may be such that the upper 
electrode 8 can perform a sufficient function as an electrode. The material for the upper electrode 8 is not specifically 
limited to Pt alone, but may be any electrically conductive material used for an ordinary electrode, and can be suitably 
selected with regard to the other films. The method for forming the film is not limited to sputtering method alone, and 
an ordinary technique such as vacuum vapor deposition for forming a film may be used. 

In the above, devices having a capacitor structure are prepared by using Pt/Ta/SiO^Si substrate as the substrate. 
However, the present invention is not specifically limited thereto. For example, it is possible to construct a structure 
comprising an integrated circuit on a Si or GaAs substrate, an interlayer insulating film such as silicon oxide or silicon 
nitride formed on a surface of the integrated circuit, an electrode layer formed on the interlayer insulating film and 
electrically connected to devices in the integrated circuit via a contact hole formed on a portion of the interlayer insulating 
film, and a ferroelectric thin film of the present invention formed on the electrode layer. Thus, the present invention can 
be applied to integrated circuit devices electrically connected to devices in an integrated circuit and having a capacitor 
structure according to the above embodiments or having a transistor structure, and to other various highly integrated 
devices such as ferroelectric memory devices, pyroelectric sensor devices, and piezoelectric devices. 

The present invention will be detailed by way of embodiments in conjunction with the attached drawings, which 
are not to be construed as being intended to limit the scope of the present invention. 

Example 1 

Fig. 1 is a schematic cross-sectional view showing a structure of a substrate provided with a ferroelectric thin film 
according to the first embodiment of the present invention. Referring to Fig. 1 , this device having a capacitor structure 
comprises a silicon oxide (Si0 2 ) layer 2, a bonding layer 3, a lower electrode 4, a titanium oxide buffer layer 5, a crystal 
nucleus layer 6 and a ferroelectric thin film 7 sequentially formed on a silicon (Si) substrate 1 , the ferroelectric thin film 
7 comprising a ferroelectric crystal containing Bi, Ti and O as constituent elements, wherein the composition ratio of 
Bi/Ti in the ferroelectric thin film is shifted from a stoichiometric composition. 

In the first embodiment, a single crystal silicon wafer was used for the silicon substrate 1 , and a silicon oxide thin 
film obtained by thermal oxidation of a surface of the single crystal silicon wafer was used for the SiOfe layer 2. A 
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tantalum (Ta) thin film was used for the bonding layer 3; a platinum (Pt) thin film for the lower electrode 4; a bismuth 
titanate thin film (Bi 4 Ti 3 0 12 thin film) for the crystal nucleus layer 6; and a bismuth titanate thin film (Bi4Ti 3 0 12 thin film) 
for the ferroelectric thin film 7. 

A method for manufacturing the substrate provided with the ferroelectric thin film shown in Fig. 1 according to the 
first embodiment of the present invention will be hereinafter explained. 

First, manufacturing of the Pt/Ta/SiCySf substrate will be explained. A Si0 2 layer 2 is formed to a thickness of 
200nm by thermal oxidation of a surface (100) of the single crystal silicon wafer which is the silicon substrate 1 . A Ta 
thin film constituting the bonding layer 3 was formed to a thickness of 30nm by sputtering method, and a Pt (111 ) thin 
film constituting the lower electrode 4 was formed to a thickness of 200nm by sputtering method. 

Subsequently, a titanium oxide buffer layer 5 was formed on the Pt/Ta/SiO^Si substrate manufactured as shown 
above to a thickness of 50nm by setting the substrate temperature to be 400°C, supplying titanium isopropoxide (Ti(i- 
OC 3 H 7 ) 4 ) gasified by heating to 50°C and carried in an Ar carrier gas (flow rate: 50sccm) as a 71 source material. If 
the degree of vacuum in the film forming chamber is more than 10 Torr, gas phase reaction is liable to take place, so 
that the degree of vacuum was set to be 5 Torr in this film forming process. 

After the titanium oxide buffer layer 5 was formed, a 5nm thickness of a Bi 4 Ti 3 0 12 crystal nucleus layer 6 and a 
ferroelectric Bi 4 Ti 3 0 12 thin film 7 were sequentially formed on the titanium oxide buffer layer 5 under the condition 
shown in Table 1 , thereby obtaining the substrate provided with the ferroelectric thin film with the total thickness of the 
titanium oxide buffer layer 6, the crystal n ucleus layer 6 and the ferroelectric thin film 7 being 1 0Onm, as shown in Fig. 1 . 



Table 1 



source 


Bi(o-C 7 H 7 ) 3 


Ti(i-OC 3 H 7 ) 4 


source temperature 


160°C 


50°C 


carrier gas (Ar) flow rate 


150-300sccm 


SOsccm 


reaction gas (0 2 ) flow rate 


1000sccm 


gas pressure in film forming chamber 


5Torr 


substrate 


Pt/Ta/SiCVSi (100) 


substrate temperature 
(film forming temperature) 


crystal nucleus layer :600 ft C 
ferroelectric thin film : 400°C 



The Bi 4 Ti 3 0 12 crystal nucleus layer 6 and the ferroelectric Bi 4 Ti 3 0 12 thin film 7 were formed by supplying triortho- 
tolylbilyl bismuth (Bi(o-OC 7 H 7 ) 3 ) as a Bi source material and titanium isopropoxide (Ti(i-OC 3 H 7 ) 4 ) as a titanium source 
material, the source materials being gasified by heating to the source temperatures shown in Table 1 (Bi source tem- 
perature: 160 ft C, Ti source temperature: 50°C) and supplied with an argon (Ar) gas constituting a carrier gas and with 
an oxygen (0 2 ) gas constituting a reaction gas into the film forming chamber. The flow rate at the time of supplying 
the Ar gas was varied within the range from 150 to 300sccm relative to the Bi source material and was maintained at 
SOsccm (constant) relative to the Ti source material. The flow rate at the time of supplying the 0 2 gas was maintained 
at 1000sccm (constant). The degree of vacuum in the film forming chamber was also set to be 5 Torr in these film 
forming processes as in forming the titanium oxide buffer layer 5. 

In manufacturing the above substrate provided with the ferroelectric thin film 7, the supply amount of the Bi source 
material gas was controlled by varying the flow rate of the Ar carrier gas of the Bi source material gas to be within the 
range from 150 to 300sccm at the time of forming the Bi4Ti 3 0 12 crystal nucleus layer 6 and the ferroelectric Bi 4 Ti 3 0 12 
thin film 7. Nine substrates coated with ferroelectric thin film 7 were prepared by setting the flow rate of the Bi source 
material gas (the flow rate of Ar carrier gas relative to Bi source material gas) to be 1 50, 1 70, 1 80, 1 90, 200, 220, 230, 
250 and 300sccm. The Bi/Ti composition ratio of each of the obtained ferroelectric Bi 4 Ti 3 0 12 thin films 7 was analyzed 
by using EPMA. The result is shown in Table 2. 



Table 2 



Bi source gas flow rate (seem) 


150 


170 


180 


190 


200 


220 


230 


250 


300 


Bi/Ti composition ratio 


0.5 


0.7 


0.8 


0.9 


1.0 


1.22 


4/3 


1.42 


1.47 



Fig. 2 was obtained by plotting the flow rate of Bi source material gas (Bi flow rate) on the axis of abscissa and 
plotting the Bi/Ti composition ratio on the axis of ordinate so as to show their relationship in accordance with the result 
of Table 2. Fig. 2 shows that the Bi/Ti composition ratio increases approximately in proportion to the increase of the 
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flow rate of Bi source material gas if the Bi/Ti composition ratio is smaller than the stoichiometric ratio of Bi^O^ (Bi/ 
Ti = 4/3), but the increase in the Bi/Ti composition ratio tends to become saturated if the flow rate of Bi source material 
gas further increases and the Bi/Ti composition ratio is larger than the vicinity of the stoichiometric ratio of B^TigO^ 
(Bi/Ti = 4/3). 

Fig. 3 shows X-ray diffraction patterns of the above nine substrates coated with ferroelectric thin film with varying 
flow rate of Bi source material gas, namely, with varying Bi/Ti composition ratio. Referring to Fig. 3, the x-axis represents 
a diffraction angle 2 9 (deg); y-axis represents an X-ray diffraction intensity (a.u.); and the z-axis represents the Bi/Ti 
composition ratio. Here, n (00n) n (n being an integer) represents a diffraction peak due to the c-axis orientation of the 
Bi 4 Ti 3 0 12 (layered perovskite phase); and "(11 7)" represents a diffraction peak due to the (117) orientation containing 
a large amount of a-axis components of the Bi 4 Ti 3 0 12 (layered perovskite phase). The symbol "py^nnn)" represents 
a diffraction peak due to the Bi 2 Ti 2 0 7 (pyrochlore phase) having (111) orientation; and the symbol "pyro(nOO)" repre- 
sents a diffraction peak due to the B^T^Oy (pyrochlore phase) having (100) orientation. The diffraction peak (Pt(1 00)) 
near 2 6 = 40°(deg) is due to Pt of the lower electrode. 

Fig. 3 shows that, if the Bi/Ti composition ratio is equal to or smaller than 0.9, a diffraction peak due to the pyro 
(222) or pyro(800) Bi^Oy (pyrochlore phase) is observed, and it is understood that Bi 4 Ti 3 0 12 (layered perovskite 
phase) and Bi 2 Ti 2 0 7 (pyrochlore phase) are mingled. If the Bi/Ti composition ratio is equal to or more than 1.0, no 
diffraction peak due to the pyro(222) or pyro(800) Bi 2 Ti 2 0 7 (pyrochlore phase) is observed, and only the diffraction 
peak due to Bi 4 Ti 3 0 12 (layered perovskite phase) is observed, so that it is understood that the ferroelectric thin film 
consists of a Bi 4 Ti 3 0 12 single phase. Here, it has been confirmed that, if the Bi/Ti composition ratio is equal to or smaller 
than 0.5, the ferroelectric thin film consists only of Bi 2 Ti 2 C>7 (pyrochlore phase), though not shown in the Figure. 

From the result of X-ray diffraction pattern shown in Fig. 3, the reflection intensity (diffraction intensity) due to 
Bi 4 Ti 3 0 12 (layered perovskite phase) or Bi 2 Ti 2 07 (pyrochlore phase) was normalized on the basis of the sum of the 
reflection intensities of the diffraction peaks (006), (008) and (117) due to the Bi 4 Ti 3 0 12 (layered perovskite phase) 
obtained when the Bi/Ti composition ratio is 1 .47. Fig. 4 shows the relationship between the X-ray diffraction peak 
intensity ratio and the Bi/Ti composition ratio obtained by plotting the peak intensity ratio on the axis of ordinate relative 
to the Bi/Ti composition ratio on the axis of abscissa. Referring to Fig. 4, "006 + 008° represents a sum of (006) reflection 
intensity and (008) intensity which are c-axis orientation components of Bi 4 Ti 3 0 1 2 ; " 1 1 7" represents the (1 1 7) reflection 
intensity which is the (1 1 7) orientation component of B\ 4 Ti 3 0^ 2 ; "006 + 008 + 117" represents a sum of the (006), (008) 
and (117) reflection intensities of Bi 4 Ti 3 0 12 ; and "222 M represents the (222) reflection intensity of the (111) orientation 
component of Bi 2 Ti 2 0 7 . 

Fig. 4 shows that, although the (006) and (008) reflection intensities which are the c-axis components of Bi 4 Ti 3 0 12 
remain approximately constant irrespective of variation in the Bi/Ti composition ratio of the ferroelectric thin film, the 
(117) reflection intensity appears when the Bi/Ti composition ratio of the ferroelectric thin film is equal to or more than 
0.9, and the (117) reflection intensity rapidly increases when the Bi/Ti composition ratio exceeds the stoichiometric 
ratio (Bi/Ti = 4/3). 

As shown above, the ferroelectric thin film has a c-axis orientation if the Bi/Ti composition ratio is equal to or less 
than 0.8, and the (117) orientation component increases according as the Bi/Ti composition ratio increases. Therefore, 
it is possible to control the c-axis orientation component and the (117) orientation component of Bi 4 Ti 3 0 12 in the fer- 
roelectric thin film by varying the ratio of the Bi/Ti composition ratio in the ferroelectric thin film according to the present 
invention. 

Example 2 

As the second embodiment of the present invention, a device having a capacitor structure shown in Fig. 5 was 
prepared by forming an upper electrode 8 on the ferroelectric thin film 7 of the substrate provided with the ferroelectric 
thin film according to the first embodiment. Namely, the device has a capacitor structure such that the ferroelectric thin 
film 7 is interposed between the lower electrode 4 and the upper electrode 8. The electric characteristics of the device 
were evaluated. The result of the evaluation will be hereinafter explained. 

In manufacturing a device having a capacitor structure according to the second embodiment of the present inven- 
tion, the steps up to the formation of the ferroelectric thin film 7 of the first embodiment are the same as those for 
manufacturing a substrate provided with a ferroelectric thin film in which the Bi/Ti composition ratio in the Bi 4 Ti 3 0 12 
ferroelectric thin film is 1.0. Namely, the ferroelectric thin film 7 was manufactured by setting the Bi source gas flow 
rate (the Ar carrier gas ratio relative to the Bi source gas) to be 200sccm at the time of forming the ferroelectric B(4Ti 3 0 12 
thin film. The capacitor structure was manufactured by forming a platinum (Pt) thin film with a diameter of 100 umi and 
a thickness of 100nm as the upper electrode 8 on the ferroelectric B^TigO^ thin film by sputtering method. 

The ferroelectric characteristics of the device having the capacitor structure according to the second embodiment 
were measured. A clear hysteresis curve as shown in Fig. 6 was obtained as a result of the measurement. Namely a 
hysteresis curve having a good shape was obtained with the remanent spontaneous polarization being Pr = 5.6u.C/ 
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cm 2 and the coercive field being Ec = 59 kV/cm when a voltage applied between the lower electrode 4 and the upper 
electrode 8 was 3V, and with the remanent spontaneous polarization being Pr = 8.8|iC/cm 2 and the coercive field being 
Ec = 66 kV/cm when a voltage applied between the lower electrode 4 and the upper electrode 8 was 5V As shown in 
this hysteresis curve, a remanent spontaneous polarization which is larger than the remanent spontaneous polarization 
Pr = 4u.C/cm 2 in the c-axis direction of a single crystal Bi 4 Ti 3 0 12 was obtained. This seems to be due to the following 
reason. The ferroelectric thin film having the Bi/Ti composition ratio of 1.0 has a (117) reflection although the c-axis 
components are strong compared with others, as previously described by referring to Fig. 3, so that the a-axis orien- 
tation component contained in a large quantity in the (117) orientation has a great influence on the remanent sponta- 
neous polarization. 

The leakage current characteristics (the dependency of the leakage current density on the applied voltage) of the 
device having a capacitor structure according to the second embodiment were measured. The result is shown in Fig. 
7. It is understood from Fig. 7 that the second embodiment shows small and good leakage current characteristics. For 
example, a leakage current density of 4 X 10' 8 A/cm 2 was obtained when the voltage applied between the upper 
electrode 4 and the lower electrode 8 was 3 V, and a leakage current density of 1 X 10' 7 A/cm 2 was obtained when 
the voltage applied between the upper electrode 4 and the lower electrode 8 was 5 V. 

Example 3 

As the third embodiment of the present invention, a device having a capacitor structure was manufactured with a 
structure similar to the one prepared according to the second embodiment as shown in Fig. 5 and with the Bi/Ti com- 
position ratio being 1.47 in the ferroelectric Bi 4 Ti 3 0 12 thin film which is the ferroelectric thin film 7. The electric char- 
acteristics of the device were evaluated. The result of the evaluation will be explained below 

In manufacturing a device having a capacitor structure according to the third embodiment of the present invention, 
the steps up to the formation of the ferroelectric thin film 7 of the first embodiment are the same as those for manufac- 
turing a substrate provided with a ferroelectric thin film in which the Bi/Ti composition ratio in the Bi 4 Ti 3 0 12 ferroelectric 
thin film is 1.47. Namely, the ferroelectric thin film 7 was manufactured by setting the Bi source gas flow rate (the Ar 
carrier gas ratio relative to the Bi source gas) to be 300sccm at the time of forming the ferroelectric Bi4"n 3 0 12 thin film. 
The capacitor structure was manufactured. by forming a platinum (Pt) thin film as the upper electrode 8 on the ferroe- 
lectric Bi 4 Ti 3 0 12 thin film by sputtering method in the same manner as in the second embodiment. 

The ferroelectric characteristics of the device having the capacitor structure according to the third embodiment 
were measured. A clear hysteresis curve as shown in Fig. 8 was obtained as a result of the measurement. Namely, a 
hysteresis curve having a good shape and an extremely large remanent spontaneous polarization was obtained, with 
the remanent spontaneous polarization being Pr = 12.0u.C/cm 2 and the coercive field being Ec = 104 kV/cm when a 
voltage applied between the lower electrode 4 and the upper electrode 8 was 3V; with the remanent spontaneous 
polarization being Pr = 23.6u.Cycm 2 and the coercive field being Ec = 136 kV/cm when a voltage applied between the 
lower electrode 4 and the upper electrode 8 was 5V; and with the remanent spontaneous polarization being Pr = 
25.0u.C/cm 2 and the coercive field being Ec = 138 kV/cm when a voltage applied between the lower electrode 4 and 
the upper electrode 8 was 6V. It seems that a large remanent spontaneous polarization such as this was obtained in 
the hysteresis curve because of the following reason. The ferroelectric thin film having the Bi/Ti composition ratio of 
1.47 has the strongest (117) reflection when compared with others, as previously described by referring to Fig. 3, so 
that the ferroelectric thin film has the strongest (117) orientation and the a-axis orientation component contained in a 
large quantity in this (117) orientation has a great influence on the remanent spontaneous polarization. 

The leakage current characteristics (the dependency of the leakage current density on the applied voltage) of the 
device having a capacitor structure according to the third embodiment were measured. The result is shown in Fig. 9. 
It is understood from Fig. 9 that the third embodiment shows small and good leakage current characteristics. For 
example, a leakage current density of 8 X 10* 9 A/cm 2 was obtained when the voltage applied between the upper 
electrode 4 and the lower electrode 8 was 3 V, and a leakage current density of 2 X 10" 8 A/cm 2 was obtained when 
the voltage applied between the upper electrode 4 and the lower electrode 8 was 5 V These leakage current densities 
are smaller than those in the second embodiment approximately by an order of magnitude. One of the reasonsthat 
the third embodiment showed improvement in leakage current characteristics compared with the second embodiment 
seems to be that the ferroelectric thin film in the third embodiment has a superior crystal linity. 

Thus, an extremely large remanent spontaneous polarization was obtained according to the third embodiment of 
the present invention. This shows that the a-axis orientation component of B^T^O^ can be utilized to a great extent 
and that an extremely large remanent spontaneous polarization can be obtained in a ferroelectric thin film having a 
strong (117) orientation component. Therefore, as described in the first embodiment, a large remanent spontaneous 
polarization can be obtained in a ferroelectric thin film in which the (117) orientation component is strong. A large 
remanent spontaneous polarization can be obtained if the Bi/Ti composition ratio in the ferroelectric Bi^O^ thin film 
is within the range from 4/3 to 1:5, i.e. shifted from the stoichiometric composition so that Bi is supplied in an excess 
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amount. 
Example 4 

The above evaluation result of the electric characteristics of the second and third embodiments shows that small 
and good leakage current characteristics and excellent ferroelectric properties can be obtained even if the total thick- 
ness of the titanium oxide buffer layer, the Bi 4 Ti 3 0 12 crystal nucleus layer and the ferroelectric Bi 4 Ti 3 0 12 thin film is as 
small as 100nm. Accordingly, as the fourth embodiment, surface morphology of these ferroelectric thin films were 
examined. The result will be explained be tow. 

In the fourth embodiment of the present invention, film surface morphology of two kinds of substrates coated with 
a ferroelectric thin film was observed. One was a substrate manufactured according to the second embodiment without 
the upper electrode 8, namely, a substrate provided with a ferroelectric thin film according to the first embodiment 
prepared by setting the Bi source gas flow rate (the Ar carrier gas ratio relative to the Bi source gas) to be 200sccm 
at the time of forming the ferroelectric B\ 4 T\ 3 Oi 2 thin film and with the Bi/Ti composition ratio in the ferroelectric B^T^O! 2 
thin film being 1.0. The other was a substrate manufactured according to the third embodiment without the upper 
electrode 8, namely, a substrate provided with a ferroelectric thin film according to the first embodiment prepared by 
setting the Bi source gas flow rate (the Ar carrier gas flow rate relative to the Bi source gas) to be 300sccm at the time 
of forming the ferroelectric Bi 4 Ti 3 0 12 thin film and with the Bi/Ti composition ratio in the ferroelectric Bi 4 Ti 3 0 12 thin film 
being 1.47. 

Surface morphology of the substrates coated with a ferroelectric thin film, one with the Bi/Ti composition ratio of 

I . 0 and the other with the Bi/Ti composition ratio of 1 .47, was observed by SEM from a direction in which the surface 
of the ferroelectric thin film and the cross-section of the substrate provided with the ferroelectric thin film can be ob- 
served. The result is shown in Fig. 1 0 (Bi/Ti = 1 .0) and in Fig. 1 1 (Bi/Ti = 1 .47). Although the scale is not shown in Fig. 

I I , it has a magnification ratio identical to the scale shown in Fig. 10. Figs. 10 and 11 show that both of the ferroelectric 
films contain densely packed minute particles having a particle diameter of 10nm order, so that their surfaces are 
extremely flat. It seems that, partly because an excellent thin film was formed as shown above in the embodiments of 
the present invention, the ferroelectric thin films according to the second and third embodiments had no pinholes 
generated, showed excellent small leakage current characteristics and exhibited extremely excellent ferroelectric prop- 
erties even if the total thickness of the titanium oxide buffer layer, the crystal nucleus layer and the ferroelectric thin 
film was as small as 100nm. 

In application to devices, the ferroelectric thin film having such an excellent density and flatness is suitable for 
making the thickness of the film smaller and for minute processing of the devices, thereby greatly enlarging the appli- 
cation field of various highly integrated devices. 

Comparative Example 1 

As a comparison example, a Bi 4 Ti 3 0 12 thin film having a thickness of 100nm was formed on a Pt/Ta/SiO^Si sub- 
strate similar to the one in the first embodiment by MOCVD in the same manner as in the first embodiment except that 
the film was formed at a temperature (substrate temperature) of 600°C with the Bi source gas flow rate (the Ar carrier 
gas flow rate relative to the Bi source gas) being 230sccm and with the Ti source gas flow rate (the Ar carrier gas flow 
rate relative to the Ti source gas) being 50sccm. The comparison example will be explained as below. 

Fig. 12 shows surface morphology of the Bi 4 Ti 3 0 12 thin film of the comparison example observed in an oblique 
direction by SEM in the same manner as in the fourth embodiment. Fig. 13 shows the Bi 4 Ti 3 0 12 thin film observed 
approximately in a vertical direction. These Figures show that the B^TfeO^ thin film of the comparison example consists 
of huge plate-like crystals having a particle diameter of 200 to 500nm and has a surface morphology which is extremely 
irregular (uneven). It is presumed that, in case of such a thin film as in the comparison example, a small thickness of 
about 100nm causes generation of pinholes and greatly deteriorates the leakage current characteristics. 

Comparison of the surface morphology of the above fourth embodiment with the surface morphology of the com- 
parison example clearly shows that the thin film according to the fourth embodiment of the present invention is extremely 
excellent in density and flatness. 

Fig. 14 shows an X-ray diffraction pattern observed on the Bi 4 Ti 3 0 12 thin film of the comparison example. From 
Fig. 14, it is understood that, although (117) reflection of Bi 4 Ti 3 0 12 (layered perovskite phase) is observed, strong 
reflection peaks appear at (006) and (008) which are the c-axis orientation components of the Bi 4 Ti 3 0 12 (layered 
perovskite phase), so that the film has a strong c-axis orientation. Also, it is understood that comparatively large re- 
flection peaks appear at Bi 2 Ti 2 0 7 (222) and (444) which are the (1 1 1 ) orientation components of the Bi 2 Ti 2 0 7 (py rochlore 
phase), so that the film contains a large amount of pyroch lore phase. 

Subsequently, an upper electrode was formed on the Bi 4 Ti 3 0 12 thin film of the comparison example in the same 
manner as in the above second and third embodiments. The electric properties thereof was measured, the result of 
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which will be explained below. 

A trial was made for measuring the ferroelectric properties of the Bj4Ti 3 0 12 thin film of the comparison example. 
However, no hysteresis characteristics were confirmed. Measurement of the leakage current characteristics showed 
that, when the applied voltage was 3 to 5 V, the leakage current density was 10 3 to 10* 4 A/cm 2 , which is larger than 
those in the above second and third embodiments by four to five orders of magnitude. This result corresponds to the 
observation of the surface morphology, and it is clear that the film of the present invention has more excellent electric 
properties. Moreover, in the comparison example, it seems that the thickness of the B^T^O^ thin film must be further 
enlarged in order for the film to show ferroelectric properties. This shows that the thin film according to the present 
invention exhibits excellent ferroelectric properties even if the film thickness is as small as 100nm. 

Comparison between the above embodiments and the comparison example shows that, since the ferroelectric 
thin film could be formed at an extremely low temperature of 400°C due to the presence of a titanium oxide buffer layer 
and a crystal nucleus layer, the obtained ferroelectric thin film exhibited excellent density, flatness and crystallinity. 

Example 5 

As the fifth embodiment, devices having a capacitor structure were prepared by forming an upper electrode 8 (See 
Fig. 5) in the same manner as in the second and third embddiments on the ferroelectric thin film 7 (See Fig. 1 ) of each 
of the substrates coated with ferroelectric thin film with varying Bi/Ti composition ratio in the same manner as in the 
first embodiment. Electric properties of the devices were measured, the result of which will be explained below. 

First, preparation of the substrates coated with ferroelectric thin film will be explained. In the first embodiment, 
nine kinds of substrates coated with ferroelectric thin film were prepared by varying the Bi source gas flow rate (the Ar 
carrier gas flow rate relative to the Bi source gas) as shown in the aforementioned Table 2 at the time of forming the 
Bi 4 Ti 3 0 12 crystal nucleus layer and the ferroelectric Bi 4 Ti 3 0 12 thin film. However, in the fifth embodiment, nine kinds 
of substrates coated with ferroelectric thin film were prepared by varying the Bi source. gas flow rate as shown in Table 
3, with the Bi/Ti composition ratios in the ferroelectric Bi^O^ thin film being 0.7, 0.8, 0.9, 1.0, 1.1, 1.22, 4/3, 1.42 
and 1.47. 



Table 3 



Bi source gas flow rate (seem) 


170 


180 


190 


200 


210 


220 


230 


250 


300 


Bi/Ti composition ratio 


0.7 


0.8 


0.9 


1.0 


1.1 


1.22 


4/3 


1.42 


1.47 



In the fifth embodiment, the substrates coated with a ferroelectric thin film were prepared, in the same manner as 
in the first embodiment except for the condition of Bi source gas flow rate. 

35 Further, nine kinds of devices having a capacitor structure were prepared by forming an upper electrode 8 (See 

Fig. 5) on the ferroelectric Bi 4 Ti 3 0 12 thin film of each of the nine kinds of substrates coated with ferroelectric thin film 
in the same manner as in the second and third embodiments. 

Electric properties of the devices having a capacitor structure prepared as above according to the fifth embodiment 
were measured, the result of which will be explained below. Fig. 15 shows the result of measurement on how the 

40 remanent spontaneous polarization Pr at the applied voltage of 5V depends on the Bi/Ti composition ratio (Bi/Ti) of 
the ferroelectric Bi 4 Ti 3 0 12 thin film. Fig. 1 5 includes the data of the second and third embodiments. Fig. 15 shows that, 
as the Bi/Ti composition ratio increases, the remanent spontaneous polarization Pr gradually rises when the Bi/Ti 
composition ratio is within the range from 0.7 to 1.0, and sharply rises when the Bi/Ti composition ratio is within the 
range from 1.0 to 1.1, and gradually rises again when the Bi/Ti composition ratio is within the range from 1.0 to the 

45 stoichiometric ratio (Bi/Ti = 4/3). When the Bi/Ti composition ratio lies within the range from the stoichiometric ratio to 
1 .47, the remanent spontaneous polarization Pr sharply rises again as the Bi/Ti composition ratio increases. This shows 
that, for obtaining a ferroelectric thin film having a large remanent spontaneous polarization, the Bi/Ti composition ratio 
thereof may be larger than 4/3. 

In view of the observation (See Fig. 3) of the X-ray diffraction pattern according to the first embodiment, this de- 

so pendence of the remanent spontaneous polarization on the Bi/Ti composition ratio clearly shows that a large remanent 
spontaneous polarization can be obtained when the Bi/Ti composition ratio is within the range in which the (117) ori- 
entation component, namely the a-axis component, of B^T^O^ can be utilized. 

Fig. 1 6 shows the result of measurement on how the coercive field Ec at the applied voltage of 5 V depends on the 
Bi/Ti composition ratio (Bi/Ti) of the ferroelectric B^T^O^ thin film. Fig. 16 includes the data of the second and third 

55 embodiments. Fig. 16 shows that, as the Bi/Ti composition ratio increases, the coercive field Ec decreases when the 
Bi/Ti composition ratio is within the range from 0.7 to 1.0, and increases when the Bi/Ti composition ratio is within the 
range from 1.0 to 1.47. This shows that, for obtaining a ferroelectric thin film having a small coercive field, the Bi/Ti 
composition ratio thereof may be set to be near 1 .0. 
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As shown above, the present invention can realize a ferroelectric thin film having extremely excellent ferroelectric 
properties and being excellent in density and flatness even if the thickness of the film is less than 20041m. Therefore, 
the present invention can greatly improve the leakage current characteristics, is suitable for various microminiaturization 
processes, and is effective in application to highly integrated devices. 

Also, according to the present invention, it is possible to adjust the properties (the remanent spontaneous polari- 
zation and the coercive field) of the ferroelectric thin film to suit to a desired application device by shifting the Bi/Ti 
composition ratio in the ferroelectric thin film from the stoichiometric ratio, thereby realizing a large freedom in designing 
the ferroelectric thin film in accordance with the properties that are required in electronic devices to which the ferroe- 
lectric thin film is applied. When the composition ratio of Bi/Ti in the ferroelectric thin film is within the range from 0.7 
to 1.5, the c-axis component and the a-axis component of the orientation of bismuth titanate ferroelectric thin film can 
be controlled. 

Specifically, since the voltage applied to the commercially available capacitor-type FRAMs for memory operation 
is as high as 3 to 5V, a little larger coercive filed is permissible provided that the spontaneous polarization is large. 
Therefore, when the ferroelectric thin film of the present invention is applied to such an FRAM, it is possible to control 
the properties so as to have a large spontaneous polarization. Obtaining a large spontaneous polarization is also 
effective for reducing the errors in reading the data out. Moreover, even if the currently used devices are improved for 
low voltage driving, it is possible to realize a ferroelectric thin film having a large spontaneous polarization by reducing 
the thickness of the ferroelectric thin film of the present invention to half even if the coercive field is a little larger. 

Especially an extremely large remanent spontaneous polarization of 23.6u.C/cm 2 (applied voltage: 5V) was ob- 
tained in the bismuth titanate ferroelectric thin film having an extremely small thickness of 100nm by setting the com- 
position ratio of Bi/Ti in the ferroelectric thin film to be within the range from 4/3 to 1 .5, i.e. shifted from the stoichiometric 
composition so that Bi is supplied in an excess amount. 

Also, by sh ifting the Bi/Ti composition ratio to the Bi-rich side, it is possible to obtain an unexpected effect of reduced 
leak current density in addition to the increased spontaneous polarization due to increase in the a-axis orientation 
component. 

According to a substrate provided with the above ferroelectric thin film, it is possible to improve the ferroelectric 
property of the ferroelectric film by disposing a buffer layer comprising titanium oxide, thereby realizing a ferroelectric 
thin film having the above excellent property. Further, when the a crystal nucleus layer is disposed between the buffer 
layer and the ferroelectric thin film, it is possible to improve the crystallinity of the ferroelectric thin film by providing a 
crystal nucleus layer, thereby realizing a ferroelectric thin film having the above excellent property. 

Moreover, according to the device having a capacitor structure it is possible to realize a device having a capacitor 
structure excellent in various properties. 

The method for manufacturing a ferroelectric thin film according to the present invention makes it possible to adjust 
the properties of the ferroelectric thin film to suit to a desired application device by shifting the Bi/Ti composition ratio 
in the ferroelectric thin film from the stoichiometric ratio to control the orientation of the ferroelectric thin film. In other 
words, the c-axis component and the (1 1 7) component of the orientation are controlled by setting the composition ratio 
of Bi/Ti to be within the range from 0.7 to 1.5 in the bismuth titanate ferroelectric thin film. Since the (117) component 
includes a large amount of a-axis component, the present invention makes it possible to control the remanent spon- 
taneous polarization and the coercive field in the ferroelectric thin film by controlling the orientation, realizing a large 
freedom in designing the ferroelectric thin film in accordance with the properties that are required in electronic devices 
to which the ferroelectric thin film is applied. 

Further, since the present invention employs MOCVD method instead of a conventional coating method such as 
MOD method or sol-gel method, a thin film of large area can be manufactured with good film thickness controllability 
and at high speed. This not only improves the productivity greatly but also makes it possible to control the properties 
of the ferroelectric thin film extremely easily by simply controlling the amount of the source gas to be supplied. Moreover, 
since the ferroelectric thin film can be formed in a low temperature process, the obtained ferroelectric thin film exhibits 
good ferroelectric properties and shows excellent density and flatness suitable for application to highly integrated de- 
vices. 



Claims 

1. A ferroelectric thin film comprising a ferroelectric crystal containing as constituent elements Bi, 7i and O, the ratio 
Bi/Ti being non -stoichiometric. 

2. A ferroelectric thin film according to claim 1 , wherein the ferroelectric crystal comprises bismuth titanate and the 
ratio Bi/Ti is from 0.7 to 1 .5. 
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3. A ferroelectric thin film according to claim 2, wherein 4/3 < Bi/Ti <, 1 .5. 

4. A ferroelectric thin film according to any one of claims 1 to 3, having a thickness of 200 nm or less. 

5. A substrate provided with a ferroelectric thin film, comprising: 

a semiconductor substrate, 

a buffer layer comprising titanium oxide formed on the semiconductor substrate and 
a ferroelectric thin film according to any one of claims 1 to 4. 

6. A substrate provided with a ferroelectric thin film according to claim 5, wherein there is disposed between the buffer 
layer and the ferroelectric thin film, a crystal nucleus layer serving as a growth nucleus of the ferroelectric crystal 
constituting the ferroelectric thin film. 

7. A capacitor device comprising a pair of electrodes and interposed between the electrodes a ferroelectric thin film 
according to any one of claims 1 to 4. 

8. A capacitor device comprising a substrate provided with a ferroelectric thin film according to claim 5, a lower 
electrode disposed between the substrate and the buffer layer and an upper electrode disposed on the ferroelectric 
thin film. 

9. A method for manufacturing a ferroelectric thin film according to any one of claims 1 to 4, which comprises gasifying 
a source of Bi and a source of Ti and forming a ferroelectric thin film comprising a ferroelectric crystal, by an 
MOCVD method, wherein the ratio Bi/Ti in the ferroelectric thin film is controlled by regulating the amount of gasified 
Bi and/or the amount of gasified Ti. 



10. A method according to claim 9, wherein the ferroelectric thin film is formed on a substrate. 

11. A method according to claim 10, wherein the ferroelectric thin film is formed on a buffer layer comprising titanium 
oxide on the substrate. 



12. A method according to claim 1 1 , which comprises forming on the buffer layer a crystal nucleus layer by an MOCVD 
method at 450 to 650°C, and forming the ferroelectric thin film on the crystal nucleus layer. 
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Fig. l 



/ 



13 



EP 0 781 736 A2 




14 



EP 0 781 736 A2 




EP 0 781 736 A2 




EP 0 781 736 A2 



Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig 9 
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Fig. 12 
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Fig. 15 
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